A critical feature of the hypothesized RNAworld would have been the ability to control chemical processes in response to environmental cues. Riboswitches present themselves as viable candidates for a sophisticated mechanism of regulatory control in RNA-based life. These regulatory elements in the modern world are most commonly found in the 5 ′ -untranslated regions of bacterial mRNAs, directly interacting with metabolites as a means of regulating expression of the coding region via a secondary structural switch. In this review, we focus on recent insights into how these RNAs fold into complex architectures capable of both recognizing a specific small molecule compound and exerting regulatory control over downstream sequences, with an emphasis on transcriptional regulation.
INTRODUCTION
Life in an RNAworld would have relied on RNA as both a medium for heritable genetic information and chemical catalysis. In addition to these functions, life would have had to react to changing environmental conditions-that is, be capable of regulating biological functions. Insights into how RNA can accomplish this crucial task have been revealed through recent discoveries that this molecule accomplishes a wide variety of regulatory functions in modern biology. One of the most striking recent examples of how RNA regulates gene expression was revealed by the discovery of riboswitches, a common means of genetic regulation at the mRNA level in the bacterial kingdom (Barrick and Breaker 2007) .
Riboswitches are elements commonly found in the 5 ′ -untranslated region (UTR) of mRNAs that exert their regulatory control over the transcript in a cis-fashion by directly binding a small molecule ligand (McDaniel et al. 2003; Mironov et al. 2002; Nahvi et al. 2002; Winkler et al. 2002a; Winkler et al. 2002b ). The typical riboswitch contains two distinct functional domains (Fig. 1A) . The effector molecule is recognized by an aptamer domain, which adopts a compact three-dimensional fold to scaffold the ligand binding pocket . As with proteins, these RNA receptors must discriminate between chemically related metabolites with high selectivity to elicit the appropriate regulatory response. A second domain, the expression platform, contains a secondary structural switch that interfaces with the transcriptional or translational machinery. Regulation is achieved by virtue of a region of overlap between these two domains, known as the switching sequence, whose pairing directs folding of the RNA into one of two mutually exclusive structures in the expression platform that represent the on and off states of the mRNA (Fig. 1B) .
The above model of the riboswitch immediately suggests two fundamental questions regarding their regulatory mechanism. First, how does RNA create a binding pocket that achieves both high affinity and specificity for the effector molecule? This requires knowledge of the atomic-level structure of the RNA-ligand complex. The second pertinent question is: How is effector binding communicated to the expression platform to yield a regulatory outcome? This requires knowledge both of potential ligand-induced conformational changes in the aptamer and the cotranscriptional folding pathway of the mRNA. Given that transcriptional attenuation is the predominant mode of regulation for riboswitches (Barrick and Breaker 2007) , they must rapidly adopt the requisite conformations to act before escape of polymerase beyond its 3
′ -boundary. Thus, the above questions must be considered in the context of RNA folding. although most of this article will focus on the mechanism of transcriptional regulation, it has been suggested that tight coupling of transcription and translation in bacteria may impart the same temporal constraints on translation (Link and Breaker 2009) .
CONSTRUCTING AN RNA RECEPTOR: THE BASIC ARCHITECTURAL BUILDING BLOCKS
Sequence and structural analyses of over ten riboswitch aptamer domains in complex with their effectors (Table 1) have revealed these RNAs are organized using many of the same architectural principles observed in other large RNAs (Hendrix et al. 2005 ; Leontis et al. 2006) . The sequence of the aptamer domain of the purine riboswitch, one of the simplest aptamers, contains three conserved helical elements (P1, P2, and P3) ( Fig. 2A ) that are present in all 500 identified sequences (Mandal et al. 2003) . These helices are organized into higher order structures by two principles (Batey et al. 1999; Holbrook, 2008) . First, they form sets of coaxial stacks in which two or more individual Arrangement of riboswitch structural elements in primary sequence of the mRNA transcript. The aptamer domain (green) and the expression platform ( purple) overlap through a sequence that can base pair with either domain (red bar). (B) During transcription of the riboswitch, several events occur to elicit the appropriate regulatory outcome. Early events during transcription include the folding of the aptamer domain and potential binding of the effector (L, cyan). Depending on whether effector is bound, the RNA adopts one of two potential folds in the expression platform (an antiterminator, AT, or rho-independent terminator, T) that determines the regulatory response.
helices are arranged in a single pseudocontinuous helix, exemplified by the P1 and P3 stack ( Fig. 2B ) (Batey et al. 2004; Serganov et al. 2004) . Second, helices and helical stacks tend to be arranged in a parallel configuration (Fig. 2B ). This architectural behavior is manifest in almost all RNAs containing three or more helices (Holbrook, 2008) . A notable exception to this is tRNA, in which the two coaxial stacks are arranged perpendicularly via the interaction of the D-and T-loops. RNA helices are further organized through sequence motifs that adopt a variety of secondary structural elements: terminal loops, internal bulges and loops, and multi-helix junctions (Batey et al. 1999; Hendrix et al. 2005) . One of the most common RNA motifs is the GA 3 tetraloop, a terminal loop whose first nucleotide is a guanosine followed by three adenosine residues (Varani 1995) . This tetraloop presents a stack of the adenosines for recognition by other RNA motifs, such as the tetraloop receptor (Cate et al. 1996; Jaeger et al. 1994; Murphy and Cech 1994) (Fig. 3A) , which was recently identified in a subclass of the di-cyclic guanosine monophosphate riboswitches (Sudarsan et al. 2008) . Interaction between the loop and the receptor serves to anchor the two helices together in a side-by-side arrangement, facilitating parallel packing. Variations of this terminal loop-internal loop theme are observed in the structures of the lysine (Fig. 3B ) and thiamine pyrophosphate (TPP) riboswitches to achieve similar structural outcomes (Garst et al. 2008; Serganov et al. 2008; Serganov et al. 2006; Thore et al. 2006) . Other common RNA building blocks that have been identified in riboswitches include kink-turns (K-turns) (Blouin and Lafontaine 2007; Winkler et al. 2001) , kissing-loop interactions (Blouin and Lafontaine 2007) , sarcin-ricin loops Sudarsan et al. 2003) , T-loops (Barrick and Breaker 2007) , and pseudoknots (McDaniel et al. 2005) . Multi-helix junctions also represent an important component of many riboswitches but their sequences and structures are diverse, reflecting unique requirements for positioning the flanking helices or hosting sites of activity (Montange and Batey 2008) .
The lysine riboswitch, one of the largest of the known riboswitches, illustrates how these architectural themes are used to establish a complex global fold. The aptamer domain of the Thermotoga maritima lysine riboswitch is organized as a bundle of three coaxially stacked sets of helices: P1/P2a, P2b/P3, and P4/P5 (Garst et al. 2008; Serganov et al. 2008) (Fig. 3C) . The helical stacks are arranged in a parallel fashion by variants of the kink-turn, kissing-loop, tetraloop-tetraloop receptor and sarcin-ricin loop motifs (Fig. 3D) . The P2 helix contains two internal loops: a canonical sarcin-ricin loop in the center of P2 and an unconventional kink-turn motif. The sarcin-ricin loop serves to help establish a receptor for the docking of the terminal loop L4, which forms a tetraloop-like structure (Fig. 3B) , thereby arranging P4 parallel to P2. The noncanonical kink turn near the terminus of P2 bends the helix to direct the terminal loop L2 toward L3, which creates a kissingloop interaction. This brings the P3 helix in parallel to P2 and P4, establishing the overall structure.
The importance of these architectural motifs for function is highlighted by studies in which altering these sequences renders a riboswitch nonfunctional under physiological conditions. Deletion of the L2 -L3 interaction in the purine riboswitch results in a 1000-fold decrease in affinity for guanine (Gilbert et al. 2007; Lemay et al. 2006; Stoddard et al. 2008) . Siimilarly, mutation of the kink-turn or kissing-loop interaction in the B. subtilis lysC lysine riboswitch debilitates ligand-dependent transcription termination in vitro (Blouin and Lafontaine 2007) . Studies of the SAM-I riboswitch show similar results (Heppell and Lafontaine 2008; McDaniel et al. 2005; . (Kulshina et al. 2009; Smith et al. 2009) 
FOLDING PATHWAYS OF THE PURINE RIBOSWITCH APTAMER
Crystal structures of riboswitch aptamer domains are static pictures that do not lend insight into the process by which these RNAs acquire their three-dimensional structures. For riboswitches to function during transcription, they must rapidly form the tertiary interactions described earlier and avoid kinetic folding traps commonly found in RNA (Pan and Sosnick 1997; Treiber and Williamson 1999) . In other words, slow folding or misfolding will impede their ability to elicit a proper regulatory response during the short A.D. Garst, A.L. Edwards, and R.T. Batey temporal window of transcription of the 5 ′ -UTR. This folding process can be monitored by a range of methods including classical approaches that use temperature and chemical denaturants to measure relative stability of structural elements, and more recently developed single molecule techniques that monitor folding transitions in real time. Because of its simple architecture, the purine riboswitch has emerged as the dominant model system for understanding aptamer domain folding.
A technique that uses the reactivity of 2 ′ -hydroxyl groups to N-methylisatoic anhydride (NMIA) as a probe of RNA folding (Wilkinson et al. 2006) was recently used to study folding of the B. subtilis xpt-pbuX guanine riboswitch (Stoddard et al. 2008 ). An advantageous feature of this chemical probing method-commonly called "SHAPE"-is that it can be performed over a broad temperature range (Merino et al. 2005) . This allows for determination of the melting temperature (T m , defined as the temperature at which the RNA is half folded and half unfolded) of every nucleotide in the RNA of interest (Merino et al. 2005) . Applied to the purine aptamer, at high temperatures (.708C), only the helical elements of the aptamer are structured, as expected from the large free energy associated with RNA secondary structure formation ( Fig. 4A ) (Brion and Westhof 1997) . As the temperature drops below 608C, the L2-L3 interaction forms along with nucleotides becoming protected in J3/1, indicating that the peripheral loop-loop interaction promotes partial preorganization of the three-way junction via coaxial stacking of P1 and P3. Notably, J1/2 and J2/3 remain conformationally flexible in the absence of ligand, which would allow the effector access to the core of the RNA (see next section).
The previous analysis using SHAPE chemistry agrees well with single molecule fluorescence resonance energy transfer (smFRET) experiments with the B. subtilis pbuE adenine riboswitch (Lemay et al. 2006) . In this approach, folding transitions are reported by changes in the FRET value of single molecules in which L2 and L3 were labeled with donor and acceptor fluorophores, respectively (Fig.  4A) . Importantly, the smFRET data provide additional insight into the rates of folding and the influences of magnesium (Mg ++ ) that is not possible using ensemble techniques. Addition of Mg ++ above 50 mM was shown to significantly increase the folding rate of the loop-loop A B Figure 4 . Folding of the purine riboswitch aptamer domain. (A) Thermal denaturation and smFRET of the purine riboswitch reveal similar heirarchical folding landscapes. The T m of each structural element (denoted by red strands) of the xpt-pbuX purine riboswitch reveals folding intermediates similar to those observed in smFRETexperiments of the pbuE riboswitch at ambient temperature. smFRETexperiments consisted of a fluorescein donor (green) and Cy3 acceptor (red) placed at L2 and L3 respectively allow observation of the loop -loop interaction in real time. (B) Unfolding the pbuE riboswitch by force measured as changes in distance (DX). This experiment reveals a pathway in which individual helices form sequentially from 5 ′ to 3 ′ . Although denaturation studies show that ligand (cyan sphere) binding stabilizes the three way junction by 158C, force spectroscopy supports a model in which P1 is also stabilized by ligand binding.
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Another method for monitoring folding processes uses force, which has gained popularity because of technological advances that allow higher spatial and temporal resolution (King et al. 2009; Li et al. 2008) . Application of constant force to the ends of a macromolecule alters the energy landscape such that specific structural elements become bistable (equally occupying the folded and unfolded states) at a specific applied force, known as a F 1/2 (King et al. 2009; Li et al. 2008) . Like smFRET, this technique simultaneously measures thermodynamic and kinetic parameters of folding and unfolding. Observations of Vibrio vulnificus add adenine riboswitch folding by force spectroscopy revealed that as the applied force was decreased, extension changes corresponding to formation of P2 occurred, followed by P3, the loop-loop interaction, and finally P1 (Fig. 4B) (Greenleaf et al. 2008) . By fully extending the RNA and allowing it to refold for predetermined time intervals before reapplying force, the authors obtained estimates for the rate of aptamer domain folding similar to those derived from smFRET measurements.
The folding model obtained by force spectroscopy is distinct from that obtained using other techniques (Greenleaf et al. 2008) . Although chemical probing and smFRET propose a classic hierarchical folding pathway in which all secondary structure is acquired before tertiary structure, the folding pathway proposed using force spectroscopy proceeds from the 5 ′ to 3 ′ direction. Such a model is more consistent with expectations for folding during transcription. Nevertheless, both models illustrate the importance of tertiary structure formation before ligand binding, as this has cooperative influences on ligand binding by preorganizing the binding site.
RECOGNITION OF EFFECTOR MOLECULES BY RIBOSWITCH RECEPTORS
Following proper folding, the aptamer domain must accomplish two interconnected tasks: specific recognition of the effector and coupling binding to a regulatory outcome. The first objective requires that the RNA effectively discriminates between closely related compounds in the cell. For example, the purine riboswitches achieve over a 10,000-fold level of discrimination between guanine and adenine (Mandal et al. 2003; Mandal and Breaker 2004) , whereas the lysine riboswitch discriminates between lysine and ornithine, amino acids that differ by a single methylene group in their side chain, by at least 5000-fold (Garst and Batey, unpublished data) . The purine riboswitch family is divided into three classes that are defined by their effector molecules: guanine/hypoxanthine, adenine, or 2 ′ -deoxyguanosine . This family of aptamers is defined by a common conserved secondary and tertiary structure. In each class, the effector is bound using a pocket formed by the RNA three-way junction (Kim et al. 2007; Mandal et al. 2003; Mandal and Breaker 2004) . Within the junction are five base triples between nucleotides that define the local architecture of the binding pocket ( Fig. 2A) . At the center is a base triple involving the ligand and two pyrimidine residues that serve to specifically recognize the nucleobase (Fig. 5A) (Batey et al. 2004; Noeske et al. 2005; Serganov et al. 2004) . Every functional group in the ligand is directly A.D. Garst, A.L. Edwards, and R.T. Batey recognized through hydrogen bonding interactions, in part explaining the ability of the RNA to achieve a high specificity for this compound. Surprisingly, the nucleobase does not completely stack on the bases above or below it, a feature common to other riboswitches that recognize nucleobase-containing effectors Montange and Batey, 2006; Serganov et al. 2009; Serganov et al. 2006 ; Thore et al. 2006 ).
Purine specificity is achieved through the identity of two pyrimidine residues that participate in a base triple with the ligand. Nucleotide 74 forms a Watson-Crick pair with the ligand, allowing the RNA to discriminate between adenine and guanine/2 ′ -deoxyguanosine (Batey et al. 2004; Mandal et al. 2003; Mandal and Breaker 2004; Serganov et al. 2004 ). This position is always uridine in adenine riboswitches and always cytosine in guanine/ 2 ′ -deoxyguanosine riboswitches (Fig. 5A) . Similarly, the Watson-Crick face of nucleotide 51 is used to discriminate between nucleobases (adenine and guanine) and nucleosides (Edwards and Batey 2009 ). Residue 51 is always uridine in guanine and adenine riboswitches and cytosine in 2 ′ -deoxyguanosine riboswitches (Fig. 5B ). This cytosine shifts toward nucleotide 74 such that it opens up the binding pocket to allow for the presence of the 2 ′ -deoxyribose sugar moiety (Edwards and Batey, 2009 ). Thus, small sequence changes to the aptamer can generate riboswitches that respond to chemically distinct effectors.
Like the purine riboswitch, the lysine riboswitch fully encapsulates its ligand within a binding pocket that directly interacts with all of the effector's polar functional groups (Garst et al. 2008; Serganov et al. 2008) . The main chain atoms of lysine are recognized through minor groove interactions with invariant G-C and G †U pairs, and by a potassium ion bound near the carboxyl group (Fig. 5C ). The positively charged amino group of the side chain is recognized through an electrostatic interaction with a nonbridging phosphate oxygen positioned at the opposite end of the pocket. Discrimination between lysine and ornithine is likely caused by the inability of a shorter ornithine side chain to position its amino group adjacent to the nonbridging phosphate group. The ability of the effector to form this electrostatic interaction is also the basis for discrimination against other abundant amino acids such as serine and aspartate that could sterically fit in this pocket.
A distinct challenge faced by RNA is recognition of negatively charged moieties. Instead of directly contacting negative charges presented by ligands, aptamers tend to use metal cations as a bridge. For example, the phosphate groups of TPP and flavin mononucleotide (FMN) are coordinated by Mg ++ ions to mediate RNA contacts (Serganov et al. 2009; Serganov et al. 2006 ; Thore et al. 2006 ). Similarly, the carboxylic acid moiety of lysine interacts with the RNA via a potassium cation (Fig. 5C) (Serganov et al. 2008) . The SAM-I and SAM-II riboswitches represent an exception in which the carboxylic acid moiety interacts directly with the Watson-Crick face of a guanine and adenine residue, respectively Montange and Batey 2006) .
These structures highlight what appears to be a general feature of the majority of riboswitch aptamer-ligand interactions: The ligand is highly solvent inaccessible, buried within the core of the RNA. On average, 90% of the metabolite surface area is solvent inaccessible, which is greater than that of ligands bound to artificial aptamers (71%) ). At first glance, this might be attributed to the need to discriminate between closely related metabolites in the cell (Gilbert and Batey 2005) . However, in vitro selected RNAs can easily achieve comparable specificities for their ligands without the need for extensive burial. The theophylline aptamer is capable of binding its cognate purine with an affinity that rivals the adenine riboswitch, capable of discriminating against caffeine by .10,000-fold (Jenison et al. 1994) . Like many riboswitches, the theophylline aptamer undergoes a significant ligand-dependent conformational change (Zimmermann et al. 1997; Zimmermann et al. 2000) , indicating that folding and a high degree of ligand burial are not necessarily correlated phenomena.
LIGAND BINDING INDUCES CONFORMATIONAL CHANGES IN THE RECEPTOR
A more likely reason for extensive ligand burial is related to interdomain communication in the riboswitch. Solvent inaccessibility of the effector molecule implies that the aptamer must adopt a flexible "open" state that allows the ligand entry into the pocket, followed by a conformational change that encapsulates the ligand. This phenomenon, referred to as an induced-fit binding mechanism, is a common feature of RNA binding reactions, such as in RNP assembly (Williamson 2000) . Conformational changes in the riboswitch aptamer domain are used to couple ligand binding to folding of downstream structural switch in the expression platform (see next section) that in turn instructs the transcriptional or translational machinery. The inherent flexibility of riboswitches in the absence of a ligand typically precludes crystallographic examination of these states. Instead, they are studied in solution using techniques such as chemical probing and NMR spectroscopy, which provide information on conformational dynamics at the global and local levels. NMR studies of both the pbuE and xpt-pbuX purine aptamers show that in the absence of ligand, nucleotides in the three-way
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Cite this article as Cold Spring Harb Perspect Biol 2011;3:a003533 junction are completely disordered even at ambient temperatures as indicated by the absence of peaks for corresponding nucleotides (Noeske et al. 2007a; Noeske et al. 2007b) . This is consistent with the high degree of reactivity in these regions identified by in-line probing (Mandal et al. 2003) and SHAPE chemistry (Stoddard et al. 2008) . Both NMR and chemical probing data indicate the J1/2 and J2/3 regions of the aptamer domain are disordered in the absence of the effector (Fig. 4A) (Noeske et al. 2007b; Ottink et al. 2007; Stoddard et al. 2008) , suggesting that these elements form a flexible lid that closes around the docked ligand.
Addition of the appropriate purine nucleobase induces structure in the three-way junction, as evidenced both by the appearance of new peaks in NMR spectra (Noeske et al. 2005 ) and a .158C increase in the T m of these nucleotides by NMIA probing (Fig. 4A) (Stoddard et al. 2008) . Along with formation of intermolecular interactions between the ligand and RNA, these data reveal formation of RNA-RNA interactions in the junction. Importantly, a subset of these ligand-dependent interactions involves formation of two base triples between J2/3 and the 3 ′ -side of the P1 helix (Stoddard et al. 2008) . Formation of these interactions was proposed to stabilize incorporation of the switching sequence into the receptor domain, serving as the basis for the communication of binding to the signal transduction domain (Batey et al. 2004) . This was further supported by force spectroscopy of the pbuE aptamer, in which an additional 2.2 pN of force was required to make the P1 helix bistable in the presence of adenine, providing direct evidence for adenine induced stabilization of this helix (Fig. 4B) (Greenleaf et al. 2008) .
Ligand-induced folding of the lysine riboswitch is similar to that of the purine riboswitches in many respects. Small angle X-ray scattering (SAXS), which provides a measure of the global conformation in solution (Lipfert and Doniach 2007; Putnam et al. 2007) , demonstrates that the lysine aptamer is largely preorganized by Mg ++ , whereas NMIA chemical probing data reveal that a subset of nucleotides in the five-way junction remains disordered under these conditions (Garst et al. 2008 ). In the presence of saturating lysine concentrations, these nucleotides become nonreactive to NMIA, indicating that lysine induces local order to the junction. Interestingly, this RNA crystallizes well in the absence of lysine, allowing the free state of this aptamer to be characterized (Garst et al. 2008; Serganov et al. 2008) . In contrast to the solution studies, the crystal structures of the free and bound state were nearly identical. This suggests that in solution the aptamer exists as an ensemble of interconverting structures and that lysine recognizes a subpopulation of binding-competent RNAs. Although the aptamer can adopt a "bound-like" state in the absence of ligand, it requires lysine to fully stabilize the crystallographically observed structure.
Although the purine and lysine aptamers appear to undergo localized conformational changes on binding ligand, others show more dramatic structural organizations. For example, studies of the TPP riboswitch using site-specific labeling with the fluorescent reporter 2-aminopurine (2AP) revealed both the ligand binding pocket and a terminal loop-helix interaction fold with comparable rates on addition of ligand (Lang et al. 2007 ). However, a sevenfold disparity between the folding rate of the loop-helix interaction and the top of the P1 helix was measured, indicating that the free state of the TPP aptamer is largely disordered and ligand-induced organization of the RNA propagates from the periphery to the central junction. Similarly, fluorescence and NMR spectroscopic analyses of the preQ 1 (a biosynthetic precursor of the queuosine nucleoside found in the anticodon of many tRNAs) riboswitch revealed that the free state of this RNA folds into a hairpin structure with a highly disordered single stranded 3'-tail (Kang et al. 2009; Rieder et al. 2009 ). Addition of preQ 1 is required for association of the hairpin loop with the 3'-tail to complete the pseudoknot structure.
TEMPORAL EFFECTS OF TRANSCRIPTION
To this point, we have focused on studies of isolated riboswitch aptamers, which typically bind their effector ligands with nanomolar equilibrium dissociation constants (K D ). However, a number of studies have shown higher ligand concentrations are required to effectively regulate gene expression. The FMN, SAM-I, and lysine riboswitches require ligand concentrations 100-1000-fold above the K D of the aptamer to achieve half maximal transcription termination (T 50 ) (Blouin and Lafontaine 2007; Tomsic et al. 2008; Wickiser et al. 2005b ). This is a hallmark of a kinetically controlled process in which the aptamer domain has insufficient time to equilibrate with the cellular environment before the expression platform commits the RNA to an alternative folding route that may be largely irreversible. Studies of a number of riboswitches have found that transcripts encompassing the entire riboswitch are deficient in effector binding, strongly arguing for irreversible folding (Lemay et al. 2006; Mironov et al. 2002; Winkler et al. 2002a) .
The time sensitivity of riboswitch regulation is explained in part by the slow kinetics of ligand binding, an inherent feature of induced fit processes. Measurement of the association kinetics of 2-aminopurine to the xpt and pbuE purine riboswitches yielded rate constants on the order of 10 5 M 21 s 21 for both aptamers (Gilbert et al. 2006; Wickiser et al. 2005a) . Similar values were obtained A.D. Garst, A.L. Edwards, and R.T. Batey for the FMN and TPP riboswitches (Wickiser et al. 2005b) . These rates suggest that at 1 mM intracellular ligand concentration, at least 10 s would be required for effector to fully saturate the aptamer. If transcription occurred at a constant rate for this duration, a bacterial polymerase would transcribe nearly 500-1000 nucleotides, well beyond the boundaries of even the largest riboswitches, making regulation by the riboswitch impossible.
One means by which riboswitches deal with this time limitation is by manipulating the rate of transcription using programmed pause sites embedded within the expression platform. Two such sites were identified by synchronized transcription assays of the FMN aptamer that have pause lifetimes of 1 and 10 s respectively (Wickiser et al. 2005b) . Mutations that ablate pausing in these sites cause significant elevation of the T 50 values in the context of the same aptamer, as expected when transcription proceeds through the riboswitch more rapidly. Uridine-rich tracts in the expression platform of the pbuE riboswitch have also been suggested to serve as transcriptional pause sites, though they remain to be experimentally validated (Wickiser et al. 2005a) . Although the general importance of pausing remains to be addressed for the majority of aptamers, this phenomenon may provide an important mechanism for tuning the response range of a riboswitch to ligand concentrations relevant for the cell.
Pausing may also provide time at important points during transcription to allow structural rearrangements that guide more efficient folding of the downstream sequence. For example, RNAs such as RNase P, tmRNA, and SRP RNAs all form labile, nonnative structural intermediates at the point of transcriptional pauses (Wong et al. 2007 ). These intermediates sequester upstream portions of longrange helices in which the 5 ′ and 3 ′ sides are separated in primary sequence by more than 50 nucleotides. It has been proposed that these intermediates provide the RNA with a mechanism for preventing misfolding and enhancing the rate of the overall folding reaction in vivo. By analogy, the long range P1 helix in riboswitch aptamers may be formed as part of a labile folding intermediate that is trapped by ligand binding.
MODELS FOR STRUCTURAL SWITCHING
Riboswitches, as well as a number of other types of RNA regulatory elements in bacteria and eukarya, use mutually exclusive secondary structures to direct expression machinery. As these processes are often cotranscriptional, it is important to consider the rate at which RNA transcribes and folds, as well as the relative thermodynamic stability of competing secondary structures. As opposed to the majority of studies that observe folding of a fully synthesized RNA (see previous discussion), the directionality of transcription imprints order that biases the final conformation because upstream sequences can fold before transcription of downstream sequences. For riboswitches, this means that folding of the aptamer can occur in the absence of the expression platform, and the antiterminator can form before synthesis of the terminator stem-loop.
The effects of transcription order have been studied for many RNAs, but perhaps most clearly so using a simple bistable switch that mimics many of the features of naturally occurring riboswitches (Fig. 6) (Xayaphoummine et al. 2007 ). This RNA was engineered to fold into mutually exclusive branched or rodlike structures that can be differentiated using native gel electrophoresis. Transcription of the "forward sequence" (e.g., abc . . . xyz) of the switch (Fig. 6A ) yields exclusively the branched structure, whereas transcription of the reversed sequence (e.g., zyx . . . cba) leads to the alternative rodlike structure with 90% frequency. In contrast, heat renaturation of the RNA leads to an equal distribution of the two states, which do not significantly interchange at room temperature. In other words, RNA can readily adopt nonequilibrium structures during cotranscriptional folding because of high activation energies associated with their interconversion (Crothers et al. 1974 ). This result emphasizes that traditional methods for studying RNA folding might fail to capture some of the most crucial features of cotranscriptional folding which are inherently tied to the mechanism of riboswitch regulation.
A second key conclusion gained from studies of the engineered switch is that the relative stability of helices (P a . P c , and P c . P b ) is sufficient to encode a precise folding pathway (Xayaphoummine et al. 2007 ). Similar models have been devised to explain the variable regulatory activities of purine riboswitches within the B. subtilis genome (Mulhbacher and Lafontaine 2007) . In cases where the relative stability of the antiterminator hairpin (DG AT ) is greater than that of the terminator hairpin (DG T ) (Fig.  6C) , reporter gene assays demonstrate that there is a significant amount of transcription read through in vivo, even at saturating ligand concentrations in the growth media. In contrast, increasing the stability of the terminator hairpin is correlated with the enhanced ability of the riboswitch to promote transcription termination under high ligand concentrations (Mulhbacher and Lafontaine 2007) . Similar factors may account for the large range of behaviors observed for the 12 SAM-I riboswitches in the B. subtilis genome (Tomsic et al. 2008) .
The analogy between the engineered and natural riboswitches can be extended by considering self-induced folding transitions occurring during folding of the reverse sequence (Fig. 6B) . In the absence of a competitor oligonucleotide, the reverse switch sequence destabilizes the P b stem in favor of the P c stem; lower temperatures bias the structure further toward P c because of slower transcription rates. This refolding process can be disrupted by introduction of a competitor oligonucleotide (Fig. 6B , black line) that pairs with the P c stem early in transcription. The oligonucleotide efficiently redirects folding into the branched structure, in the same fashion as ligand binding prevents self-induced transitions during riboswitch folding that would lead to aberrant antitermination (Fig. 6C) . Elements of the unbound aptamer can be thought of as behaving like the antisense oligonucleotide by disrupting terminator stem formation while simultaneously nucleating the antiterminator stem. This comparison warrants further investigation of the simple secondary structures in both domains of the RNA A.D. Garst, A.L. Edwards, and R.T. Batey that must interchange during transcription to elicit regulatory control.
RIBOSWITCHES IN THE RNA WORLD
Although the exact nature of the RNA world cannot be reconstructed, riboswitches present themselves as an elegant solution to the problem of biological regulation. These RNAs are capable of recognizing and responding to compounds that were likely to have been metabolites in the RNA world, such as the purine nucleobases. In addition, the secondary structural switch that interfaces with the expression machinery can function by directing RNA-RNA interactions. In modern riboswitches that act at the translational level, effector binding to the aptamer domain occludes the Shine-Dalgarno sequence that recruits the 30S subunit by pairing with a site near the 3 ′ -end of the 16S ribosomal RNA. Thus, riboswitches contain the essential features to efficiently function in the hypothesized RNA world.
If riboswitches are truly biological fossils of an ancient world, it is even more impressive that they have survived billions of years of evolutionary pressure to serve in modern organisms. Some riboswitches that are widely distributed in phylogeny, such as the thiamine pyrophosphate and adenosylcobalamin classes, might have survived because they occupy a niche in metabolic regulation that perhaps is better suited to RNA than protein. They are an energetically cost-effective means for genetic regulation compared with protein synthesis, as only mRNA transcription needs to occur. Furthermore, riboswitches offer an immediate feedback response as riboswitch regulation involves fewer steps compared with that of regulatory proteins. Thus, modern organisms continue to capitalize on the unique abilities of RNA to fine-tune gene expression levels using a mechanism that could have easily found a home in the RNA world.
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